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INTRODUCTION
Hexokinase (ATP: D-hexose 6-phosphotransferase, EC 2.7.1.1; HK) is a mem-
ber of the kinase family of tissue-specific isoenzymes. Saccharomyces cerevisiae
genome codify for two isoenzymes of hexokinase: PI and PII, which are about
76% similar in their amino-acid sequences.1,2 Isoenzyme PII has a total of 486
amino acid residues, whereas PI has 485 residues. Hexokinase PII is the pre-
dominant hexose kinase in Saccharomyces cerevisiae in growth on glucose3 and
is required for catabolite repression by glucose of expression of other genes.4,5
The yeast HKs are known to exist as phosphoproteins in vitro6 and in vivo7;
in vivo phosphorylation site was identified as Ser15.8 It was demonstrated that
the transformed cells with the hexokinase PII S15A mutant gene could not pro-
vide glucose repression of invertase, suggesting that the phosphorylation of HK
PII is essential for glucose signal transduction,9 however, it seems to be not the
only factor involved.10 Nuclear localization of HK PII was shown to be medi-
ated by an internal N-terminal decapeptide (amino acid residues 7–16) that is
necessary to direct the protein to the nucleus, where it seems to be involved in
the formation of specific DNA-protein complexes during glucose-induced
repression of the SUC2 gene.11 HK PI can only partially substitute HK PII in
triggering glucose repression, but it is equally important in triggering fructose
repression.5,12,13
Hexokinase catalyses the formation of hexose-6-phosphate (mainly glucose-6-
phosphate, Glc-6P) from hexose using ATP as a phosphoryl donor. The isoen-
zymes differ in their activity toward particular hexoses. The enzymatic activity
of PI isoenzyme with fructose and mannose is 2.6 and 0.6 times than that with
glucose, respectively, whereas with PII isoenzyme, the fructose:glucose ratio is
only 1.3 and mannose:glucose ratio is 0.3.14 Yeast HKes exist in solution as
dimers and monomers. The dissociation of dimers into monomers is promoted
by glucose binding and an increase in pH and/or ionic strength.15–17
HKs are found in practically all living beings. Mammals, for example, have
four HK isoenzymes18 three of which have molecular weight of about 100 kDa
and display a considerable sequence identity between their N and C-terminal
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ABSTRACT
Hexokinase is the first enzyme in the
glycolytic pathway that catalyzes the
transfer of a phosphoryl group from
ATP to glucose to form glucose-6-
phosphate and ADP. Two yeast hexo-
kinase isozymes are known, namely
PI and PII. Here we redetermined
the crystal structure of yeast hexoki-
nase PI from Saccharomyces cerevi-
siae as a complex with its substrate,
glucose, and refined it at 2.95 A˚ reso-
lution. Comparison of the holo-PI
yeast hexokinase and apo-hexokinase
structures shows in detail the rigid
body domain closure and specific
loop movements as glucose binds and
sheds more light on structural basis
of the ‘‘induced fit’’ mechanism of
reaction in the HK enzymatic action.
We also performed statistical cou-
pling analysis of the hexokinase
family, which reveals two co-evolved
continuous clusters of amino acid
residues and shows that the evolu-
tionary coupled amino acid residues
are mostly confined to the active site
and the hinge region, further sup-
porting the importance of these parts
of the protein for the enzymatic
catalysis.
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halves.16 The fourth mammalian HK isoenzyme has a
molecular mass of about 50 kDa, similar to yeast and
Schistosoma mansoni HKs. The sequence similarity
between N-and C-terminal part of the mammalian isoen-
zymes I to II is believed to be a consequence of duplica-
tion and fusion of a primordial hexokinase gene.16,19,20
Yeast HKs, unlike human HKs and HK from Schistosoma
mansoni, are insensitive to inhibition by the product of
reaction Glc-6P.
Yeast HK isoenzyme is known to be a classical example
of the theory of ‘‘induced fit’’ mechanism of enzymatic
reaction originally proposed by Koshland21,22 The crys-
tallographic structures of yeast HK isoenzymes PI com-
plexed with glucose23,24 and PII complexed with a com-
petitive inhibitor, ortho-toluoylglucosamine25,26 have
been determined at the end of the 70’s and used to illus-
trate the role of the ‘‘induced fit’’ in enzyme action and
to portray structural changes of the enzyme associated to
glucose binding.22 However, at the time of structure
determination, the primary sequences of the yeast HK
isoenzymes were not available, and the identity of the
side-chains was guessed from inspection of crystallo-
graphically computed electron density. The models of PI
and PII isoenzyme contain only 458 residues each and
about 17% of these residues have uncertain identity. A
comparison of the HK amino acid sequences found from
X-ray studies with the actual ones1,2 revealed only 30%
identity between them. This fact complicated detailed
analysis of the conformational changes of the enzyme
associated with the glucose binding and introduced
uncertainty in quantitative parameters of the ‘‘induced
fit’’ mechanism of reaction obtained from these struc-
tures.
One of the ways to assess and identify amino acid resi-
dues involved in the allosteric networks is offered by sta-
tistical coupling analysis (SCA). This technique, whose
development started in 1999 by Rama Ranganathan’s
group,27 uses the amino acid distribution in positions of
protein sequences alignments and the interdependence of
these distributions between positions to identify amino
acids with important roles in structure and function in a
protein family. A later improvement of the technique
consisted in iterative clusterization of DDGstat matrices.28
The results obtained using clusters analysis show that the
relatively restricted groups of residues found with the
method connect the functionally important regions of
protein families, suggesting that they could represent the
core of protein allostery.28 The technique has a great
potential to identify ‘‘hot spots’’ in protein families, with
the advantage of using no structural information – only
a multiple sequence alignment of the protein/domain
family is needed.27,28
Here, we report the 2.95 A˚ resolution crystal structure
of yeast holo-PI hexokinase (yhxPI) complexed with glu-
cose in an attempt to present a better defined three-
dimensional (3D) model of this yeast hexokinase isoen-
zyme, and to add more detailed structural information
to the ‘‘induced fit’’ in yeast HK enzymatic mechanism.
The model is based on the correct amino-acid sequence
and the glucose binding site is described in detail. Com-
paring the present structure with the structure of apo-PII
isoenzyme,29 we were able to quantify conformational
changes induced in HK by ligand binding more accu-
rately. The mechanism of reaction, the lack of Glc-6P in-
hibition in yeast HKs, and the putative mode of ATP
binding are also discussed. Furthermore, based on SCA
we identified two clusters, which form a continuous 3D
network of statistically coupled residues. The cluster with
the strongest couplings is composed by amino acid resi-
dues of the active site and the hinge regions, further con-
firming cooperative function of these parts of the protein
in the induced fit mechanism of the enzyme function.
MATERIALS ANDMETHODS
Crystallization
Hexokinase PI isoenzyme was purchased from Sigma-
Aldrich and used for crystallization trials without any
further purification. Crystals were grown in hanging
drops at 277 K.30 The protein solution was buffered with
100 mM potassium phosphate in the pH range 5.5–6.5
and 25–30% PEG as a precipitant. Hanging drops con-
tained 3 lL of the protein at concentrations of 10 mg
mL21 and 3 lL of precipitant. Needle shaped crystals
appeared between 1 and 4 weeks and with typical crystal
dimensions of 0.5 3 0.05 3 0.05 mm3. Data were
collected from these crystals, which diffracted to 2.95 A˚
resolution.
X-ray diffraction data
Diffraction data were collected using a MAR image
plate system at the dedicated protein crystallography
beamline of the Brazilian synchrotron light source.31,32
The data were integrated, scaled, and merged using the
programs DENZO and SCALEPACK.33 A total of 14,357
reflections were collected, with a completeness of 92.27%
for all data to 2.95 A˚ (94.44% for the highest resolution
shell). The crystal belonged to the orthorhombic space
group P212121, with cell constants of a 5 62.12 A˚, b 5
78.87 A˚, and c 5 144.74 A˚. Estimation of the solvent
content indicated that the crystal contained one molecule
per asymmetric unit. The Matthew’s coefficient34 assum-
ing that the asymmetric unit contained a monomer was
3.1 A˚3 Da21, which corresponds to a solvent content of
60%. The crystal structure of the yeast hexokinase PI was
determined by molecular replacement using a P152K
mutant of yeast hexokinase as the starting model. The
program AMoRe35 was used in calculation of rotation
and translation functions based on data collected up to
3 A˚. A unique solution was found after rigid-body refine-
P. Kuser et al.
732 PROTEINS
ment, with a correlation coefficient of 47.9% and an R-
factor of 0.53.
Refinement, model building, and overall
quality of the model
The structure was then refined using the programs
REFMAC36 and Phenix37 with working and free (5%)
sets of data extended to include all data from 12.9 to
2.95 A˚. Thirteen thousand six hundred forty-two reflec-
tions were used for the refinement, while 715 reflections,
randomly selected and set aside during refinement pro-
cess, were used for R-free calculation. Rounds of posi-
tional and group B-factors refinement were alternated
with model verification using the O program.38 Given
the medium resolution of the X-ray data and the limited
number of collected reflections, only one B-factor per
residue has been refined to improve the observations-to-
model parameters ratio. The refinement, which was
forced to maintain tight geometry of the structure, was
monitored by the decline in R-free. Refinement and
rebuilding of the model lowered the R-factor to a final
value of 19.2% and R-free to 24.5%. Details of the final
stage of the refinement are given in Table I.
The final model contains all but the first 14 residues of
N-terminal for which no discernible density could be
observed. The average thermal parameter for the model is
44.8 A˚2 and the final (2Fo 2 Fc) electron density is well
defined for most residues. The program LSQKAB of the
CCP4 package was used for the analysis of root-mean-
squares deviations in the positions of Ca atoms of differ-
ent models. Ramachandran analysis39 as implemented in
PROCHECK40 shows that 86.7% of the residues lie in the
most favored regions, while 13.3% lie in the additionally
and generously allowed regions. No residues are found in
disallowed regions. The G-factor of the model is 0.2. The
final model and structure factors were deposited in the
Protein Data Bank under the PDB ID 3B8A.
Statistical coupling analysis
A multiple sequence alignment of hexokinases was
obtained from the PFAM database,41 in a total of 317
sequences, including that of yeast hexokinase PI. From
the alignment, it is possible to compute, in a parameter
named DGstat, the discrepancy between amino acid fre-
quencies in a given position and the amino acid frequen-
cies observed in nature, which shows how strongly this
position is conserved in the protein family.27 A second
parameter, termed DDGstat, quantifies how much the
amino acid distribution of a certain position varies when
a specific condition is imposed at another position (i.e.,
the later position should be occupied by a certain type of
amino acid residue). If the amino acid distribution at the
former position in the alignment varies (which is reflected
in a high value for DDGstat), this means that for some rea-
son, normally related to the structure and/or function of
the protein, these two positions coevolved together, as
suggested by the observed statistical coupling.27 Site con-
servation (DGstat) and statistical coupling (DDGstat) pa-
rameters between positions in the alignment were calcu-
lated as described in Lockless and Ranganathan, 1999.27
DGstat values for the 20 most conserved residues are
shown in Table II. To determine the set of positions to be
perturbed in order to calculate DDGstat, we used the
method used by Ranganathan’s group, described in Su¨el
et al., 2003.28 Monitoring the variance of mean DDGstat
for the five least conserved positions of the alignment,
which should, by definition, have no evolutionary
restraint and therefore low coupling values, it is possible
to define a limit for the size of the subalignment used to
calculate DDGstat. For our case, the subalignment should
have at least 35% of the original sequences, resulting in
209 positions which could be perturbed. The initial ma-
trix of DDGstat contained 209 columns (perturbed posi-
tions) and 485 lines (sequence size of HK PI). This matrix
is sparse, suggesting that during evolution, few positions
in a protein evolved together. The iterative analysis con-
sists of clustering rows and columns with similar DDGstat
distribution and eliminating low noise rows and columns.
The matrix was subjected to successive rounds of cluster-
ing using the software package MATLAB and elimination
of low-signal rows and columns. During the process, high
signal positions grouped together in two clusters. The first
cluster consists of a 2 3 29 matrix (30 amino acid resi-
dues positions), with mean DDGstat 5 219. The second
Table I
Crystallographic Information
Resolution range () 12.92–2.95 (3.03–2.95)
Space group P212121
Unit cell parameters () a 5 62.12, b 5 78.87,
c 5 144.74
Completeness (%) 92.27 (94.44)
Reflections used in refinement 13,642 (1007)
Total reflections/Reflections for Rfree 14,357/715
I/r 8.8 (2.49)
Rmerge (%) 11.9 (47.7)
Multiplicity 2.8 (2.7)
Rfactor (%) 19.19
Rfree (%) 24.45
Bond length RMS deviation () 0.002
Bond angle RMS deviation (8) 0.470
Mean overall B-factor 44.8
Overall B-factor from Wilson plot 47.4
Mean B-factor for protein 44.9
Mean B-factor for glucose 29.1
Mean B-factor for SO4 48.71
Mean B-factor for water molecules 32.68
Values between parenthesis correspond to the value in the highest resolution bin
(a total of 20 bins was used). Rfactor ¼
P
hkl
Fo Fcj jj jP
hkl
Foj j , Rfree is defined the same as
Rfactor, except that the summation is over the 715 (about 5%) reflections not
included in the refinement.
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cluster consists in a 7 3 18 matrix (20 amino acid resi-
dues positions), with mean DDGstat 5 182. DDGstat values
for all residues in the clusters are shown in Tables III and
IV. Residue conservation is shown in Figure 1. This figure
was rendered in Pymol42 after substituting the B-factor
column of the PDB file with DGstat values after normal-
ization and setting the highest B-factor to one hundred.
The same normalized values were used for all DGstat
reports throughout the text.
RESULTS AND DISCUSSION
The overall structure
Yeast hexokinase PI is a palm shape molecule and
exhibits the same a/b fold observed in other hexokinase
structures (Fig. 1).23–26,29,43–45 The polypeptide chain
of 485 residues is distinctly folded into two domains of
unequal size: the large domain (residues 17–76 and 212–
458) and the small domain (residues 77–211 and 459–
485). These are separated by a deep cleft containing the
residues making the enzyme active site. The protein is
found in closed conformation.24 The most conserved
residues, as revealed by SCA, are located in the protein
core; near the glucose binding site (Fig. 1).
The crystallization of yeast HK isoenzyme PI was per-
formed in the absence of a substrate. However, at the
early stage of refinement a clear and continuous residual
electron density appeared in both (2Fobs 2 Fcalc) and
(Fobs 2 Fcalc) Fourier syntheses. This electron density
could be readily interpreted in terms of a glucose mole-
cule and a sulfate ion. Sulfate ions were present in 2M
concentration in the crystallization conditions. The ther-
mal parameters for ligands positioned in that density are
comparable with the average thermal parameter for sol-
vent molecules, inferring their substantial occupancy that
was set to 1 during structure refinement.
Superposition of the previously determined yeast apo-
HK PII model onto holo-HK PI1glucose complex gives an
average rms deviation of 2.8 A˚ for Ca atom pairs with max-
imum deviation of over 8 A˚ for several parts of the poly-
peptide backbone (Fig. 2). Separately comparing the large
and the small domain of the structures give an average rms
deviations of 1.17 and 1.12 A˚, respectively. Glucose-
Table III
Statistically Coupled Clusters of Residues in HK: 2 3 29 Cluster
(Mean DDGstat 5 219)
Perturbation 210 174
G177 183.83 246
K176 208.42 258.82
D211 233.57 209.11
G185 173.03 286.07
D187 188.47 289.25
G169 173.56 242.36
L192 180.86 281.18
L171 184.38 308.2
F178 177.39 254.23
V189 151.94 285.2
V205 174.79 200.84
G214 196.79 320.99
W174 190.13 31.799
T175 184.08 385.97
V188 173.67 357.13
A207 208.62 233.29
T212 209.26 301.42
T215 212.64 254.05
I231 210.7 216.37
N237 222.91 201.56
T233 211.32 195.73
G235 216.96 188.49
N267 184.81 224.26
E269 183.42 202.55
S306 158.21 193.24
Y240 191.58 308.3
E242 186.93 295.07
N295 158.05 263.51
D353 144.84 216.15
Here DDGstatij ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃP
x
ln
Px
ijdj
Px
MSAjdj
 ln Pxi
Px
MSA
 2s
, Pxi and P
x
MSA as defined before. ‘‘|dj’’
stands for ‘‘upon perturbation of residue j’’, i.e., the probabilities are calculated
for the whole alignment and for a subalignment where a condition is imposed
(e.g., j is an alanine). DDGstat is also dependent of alignment size and has arbi-
trary units. The highest DDGstat found (385.97) was due to the perturbation
T175: the presence of a threonine in this position led to the increase of the tryp-
tophan frequency in position 174 from 77.3% to 99.2%.
Table II
Statistical DG Parameter for 20 Most Conserved Residues
Ranking Amino acid residue DGstat Normalized DGstat
1 Trp174 1510.28 100
2 Asn210 1141.41 75.58
3 Cys268 1128.30 74.71
4 Pro160 1114.98 73.83
5 Pro74 1091.75 72.29
6 Arg93 1043.57 69.10
7 Phe157 969.50 64.19
8 Ser158 965.34 63.92
9 Lys176 946.17 62.65
10 Phe240 932.62 61.75
11 Pro115 915.23 60.60
12 Asn237 894.36 59.22
13 Asp211 890.73 58.98
14 Gly307 888.12 58.80
15 Gly80 870.01 57.61
16 Gln163 865.02 57.28
17 Asn91 853.06 56.48
18 Gly88 848.74 56.20
19 Asp86 841.42 55.71
20 Trp128 841.12 55.69
DGstati ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃP
x
ln
Px
i
Px
MSA
 2r
. Pxi is the binomial probability of finding observed fre-
quency of the amino acid x (x 5 alanine, cysteine, etc.) in the position i of the
alignment, given the known frequency observed in nature, while PxMSA is the bino-
mial probability of finding the frequency of the amino acid in all the multiple
sequence alignment (MSA) in that position. As DGstat is dependent of the number
of sequences, its value has arbitrary units. The highest value for DGstat, 1510.28,
corresponds to a position which presents 77.3% of tryptophan residues. This is
highly improbable to happen by chance, given that the expected frequency for
tryptophan residue in proteins in nature is only 1%.
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induced conformational fit can be described as a rigid-
body rotation and nonrigid body conformational changes.
Glucose-induced conformational changes
The main part of the HK fit induced by glucose is a rigid
body rotation of one part of the molecule with respect to
the other. Following the analysis by Hayward and Berend-
sen,46 apo-HK PII and holo-HK PI1glucose complex
structures comparison permits identification of the
dynamic domains of the protein. The whole structure can
be divided into the fixed domain, comprising residues 20–
59, 61–73, 104–106, 211, 214–259, 262–308, 310–458, 467–
482 and a rotating domain made of residues 74–103, 107–
210, 212–213, 459–466. The definition of the fixed and
rotating domains approximately corresponds to the tradi-
tional definition of the large and small domain, respec-
tively. Residues 73–74, 104–107, 211–212, 213–215, 458–
Table IV
Statistically Coupled Clusters of Residues in HK: 7 3 18 Cluster (Mean DDGstat 5 182)
Perturbation 219 226 239 424 421 385 210
L465 100.97 118.83 79.204 154.05 129.92 171.57 106.61
N295 124.1 134.44 212.13 124.03 167.66 217.75 158.05
D353 136.62 130.63 192.62 156.36 194.83 283.3 144.84
G274 238.74 248.74 223.4 278.99 220.37 249.28 90.786
G278 247.85 252.62 237.38 285.86 224.07 252.17 85.223
L368 198.93 252.52 201.67 241.47 191.14 208.59 85.223
V314 195.51 200.59 200.98 233.58 199.33 249.85 97.938
D377 175.37 183.82 226.66 230.85 196.6 260.85 114.86
F342 208.89 213.25 238.89 202.8 196.91 233.71 116.45
L327 146.75 154.7 194.07 173.36 171.5 232.54 96.96
V388 129.51 153.95 190.52 166.66 197.68 248.2 120.39
S455 193.34 206.49 192.6 212.87 216.34 213.56 97.51
C226 291.42 47.623 268.32 223.99 197.66 193.39 104.18
C385 159.71 167.62 200.91 200.7 232.22 46.027 120.08
Y421 180.68 189.4 215.52 218.43 45.66 261.25 109.43
C239 219.48 228.78 43.006 181.8 193.85 201.36 134.1
C219 46.932 302.82 265.92 220.21 193.91 189.78 113.82
T413 150.56 163.33 241.96 141.19 155.37 154.99 86.437
Here DDGstatij ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃP
x
ln
Px
ijdj
Px
MSAjdj
 ln Pxi
Px
MSA
 2s
, Pxi and P
x
MSA as defined before. ‘‘|dj’’ stands for ‘‘upon perturbation of residue j’’, i.e., the probabilities are calculated for the
whole alignment and for a subalignment where a condition is imposed (e.g., j is an alanine). DDGstat is also dependent of alignment size and has arbitrary units. The
highest DDGstat found (385.97) was due to the perturbation T175: the presence of a threonine in this position led to the increase of the tryptophan frequency in posi-
tion 174 from 77.3% to 99.2%.
Figure 1
Overall fold of holo PI hexokinase. The protein is colored by residue conservation (DG): poorly conserved positions (low DG) are shown in ‘‘cold’’ colors, highly conserved
positions (high DG) are shown in ‘‘hot’’ colors. The gray surface corresponds to the regions of the mechanical hinges, connecting the two domains.
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459, and 466–467, noteworthy, highly conserved Asp211,
Thr213, Gly215, and Gly458 (normalized DGstat’s are,
respectively, 58.9, 30.5, 51.4, and 32.9), act as ‘‘mechanical
hinges.’’ The moving domain rotates with respect to the
axis that is approximately perpendicular to the straight
line between the centers of masses of the two domains in
the direction of the fixed domain by an angle of 178. This
is a surprisingly large rotation angle, taking into considera-
tion that previous estimation, done on the basis of super-
position of earlier HK models, was 128.22–26 Conforma-
tional changes result in movements of the polypeptide
backbone of as much as 11.5 A˚, which is also considerably
larger than the maximum displacement of 8 A˚ reported
before. To exclude possible computational differences
related to the slightly different definition of the moving
and fixed domains, we repeated the calculation of the rigid
body rotation based on the earlier HK models.22–26 The
result of such calculation, a rotation angle of 13.68, is close
to the value reported by Steitz et al. and Bennett and
Steitz.23,24 The rest of the difference in the angle of HK
domain closure, induced by binding of glucose, can be
attributed to the fact that the early HK PI structure was
determined as a complex with competitive inhibitor,
ortho-toluoylglucosamine,25,26 which induces a slight clo-
sure of the domains,29 leading to underestimation of the
glucose-induced conformational changes of HK.
In addition to the rigid-body domain rotation, several
regions of the polypeptide chain are involved in nonrigid
conformational changes. These changes, however, are
mostly confined to the surface loop regions, such as
loops 142–149 and 470–478 of the small domain and
loops 245–262, 338–342, and 445–448 of the large do-
main and might be induced by crystallographic contacts
or are result of the single amino acid insertion (loop
445–448) (Fig. 2).
Surprisingly, virtually all the conformational changes
in the active site region, including loop regions, could be
described as a rigid-body rotation of the small domain of
the protein with respect to its large domain.
The ligand binding site
The glucose smugly fits into the cleft between two HK
domains (Fig. 3) and interacts with the HK binding site
Figure 2
Superposition of the previously determined yeast apo-HK PII model onto
holo-HK PI1glucose complex. The superposition of the whole structure leads to
high Ca deviances in a considerable portion of the protein. These deviances fall
dramatically when the two domains are superposed separately. [Color figure can
be viewed in the online issue, which is available at www.interscience.wiley.com.]
Figure 3
A: Interactions between PI hexokinase, glucose and a sulfate anion in the binding site. B: The glucose molecule and the sulfate anion superimposed with the
OMIT 2Fo 2 Fc maps, contoured at 1r. [Color figure can be viewed in the online issue, which is available at www.interscience.wiley.com.]
P. Kuser et al.
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via well-defined interactions at the positions of 1-, 3-, 4-,
5-, and 6-OH groups. This is in agreement with substrate
specificity studies of Sols and Crane47, which implicate
the participation of all but the 2-OH group of glucose in
interactions with the mammalian HK. The b-enantiomer
of glucose is more consistent with the electron density
and ligand interactions. Although glucose a-enantiomer
does not produce a steric hindrance, the distance
between Glu 302 Oe2 and the 1-OH group becomes too
long for strong hydrogen bond interaction.
The highly conserved Asp211 (normalized DG 5 58.9,
13th highest for the protein), implicated as a catalytic
base,24,25 makes a hydrogen bond with the hydroxyls at
the positions 4 and 6 of glucose, whereas side chains of
the amino acid residues Glu302, Glu269, and Lys176 are
at the hydrogen bonding distances from the 1-OH, 3-
OH, and 5-OH groups of glucose molecule, respectively.
Lys176 makes an additional hydrogen bond with the 6-
hydroxyl group of glucose as well. The absence of inter-
actions with 2-OH group at the glucose-binding pocket
is consistent with the fact that 2-subsituted derivatives of
glucose serve as HK substrate. Site-directed mutations of
Asp211 cause loss of catalytical activity, but high sugar
binding affinity is retained.48 This indicates that sugar
binding is mainly coordinated by Glu302 and Glu269,
whereas Asp211 is indispensable for promoting a nucleo-
philic attack of the glucose 6-OH group on the g-phos-
phate of ATP.25 Residues Glu302 and Glu269 make part
of the large (or fixed) domain, Asp211 belongs to a hinge
region, whereas Lys176 comes from a small (rotating) do-
main. Obviously, the glucose binding pocket becomes
complete only upon the closure of HK domains. There-
fore, one can speculate that initial glucose binding to
HK, mediated by interactions with the side chains of
amino acid residues Asp211, Glu302, and Glu269, trig-
gers large-scale conformational rotation of the HK
domains with respect one another, bringing Lys176 side
chain into hydrogen bonding distance from the glucose
hydroxyl groups 4 and 6 and thus creating the competent
glucose binding site.
The glucose molecule binds in a manner structurally
analogous to that observed for other hexokinase com-
plexes, maintaining the glucose binding site on our model
in close agreement with the binding site as previously
elucidated.16–19 However, several important differences
exist. Strongly conserved Ser158 (normalized DGstat 5
63.9, 8th mostly conserved residue in the protein), previ-
ously described as a conserved glucose-binding residue,24
is at the distance of 3.86 A˚ from the 6-hydroxyl group of
glucose, which is somewhat too long for a strong hydro-
gen binding. At the same time, directed mutation studies
identify Ser158 as a critical determinant of the catalytical
activity and conformation of HK.49,50 Furthermore, it
was shown that binding of the certain nonphosphophor-
ylatable inhibitors of glucose such as D-xylose or D-lyxose
promotes strikingly the short-lived hydrolytic activity of
the enzyme followed by inactivation of the enzyme via
autophosphorylation of Ser158.17,51–53 All these eviden-
ces taken together support the idea that additional con-
formational changes might occur upon binding of
ATP54–56 and that Ser158 might play in important role
in the process of the phosphate transfer.
The sulfate group, observed in the active site of the
holo-HK PI structure, interacts with conserved residues
Ser419 and Thr234 (normalized DGstat’s are 37.6 and
47.8) of the fixed HK domain (Fig. 3). Its position is
identical to the one of sulfate anion in the HK PII struc-
ture.30 The presence of a sulfate ion in the structure of
HK both in open and in close conformations proves
that, first, glucose binding is not required for sulfate/
phosphate binding and, second, sulfate/phosphate bind-
ing alone is not sufficient to provoke significant confor-
mational changes of the enzyme. Furthermore, the fact
that the same sulfate/phosphate anion binding site was
repeatedly found in yeast23–26,29 and human43–45 hex-
okinase models shows that HK ATP binding site is able
to bind monophosphates. This might have functional im-
portance. It is known, for example, that glucose binding
was strongly promoted in the presence of 0.05M phos-
phate.52 Phosphate binding might therefore somewhat
restrict the conformations of the amino acid residues of
the HK binding site and thus facilitating glucose binding.
Insights about the lack of HK PI inhibition by Glc-6P
are obtained after comparison to the Glc-6P bound
structure of human hexokinase I. For the human HK,
Glc-6P contacts the loops 86–93 and also 454–460, which
are on different conformations when compared with its
structural analogs in yeast HK PI. The phosphate group
of the Glc-6P interacts with the Thr536 OG1 and a main
chain nitrogen atom of the same residue (loop 532–539)
whereas in yeast HK interactions of the Glc-6P with the
correspondent loop (residues 86–93). Correspondent
Thr90 residue is more than 8 A˚ away. It has also been
found that, for yeast HK PI, residue Asp211 is at a posi-
tion which could form an hydrogen bond with the 4-OH
group of Glc-6P, but the interaction between 2-OH of
Glc-6P with Ser897 in human hexokinase I does not have
an equivalent in yeast HK PI.
The putative ATP binding site
The ATP pattern recognition, identified on the basis of
comparison of actin,57 ATPase fragment of 70 K heat-
shock cognate protein58 and HK three-dimensional
structures, was defined as consisting of five sequence
motifs: Phosphate1 (residues 82:103), Connect1 (residues
203:223), Phosphate2 (residues 229:248), Adenosine (resi-
dues 411:439), and Connect2 (residues 452:472).59 Resi-
dues Thr234 and Ser419 belong, respectively, to the
Phosphate2 and Adenosine ATPase pattern recognition
motifs. The a-phosphoryl group of ADP occupies the
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same site as the 6-phosphoryl group of glucose-6-phos-
phate in human HK PI structure.56,60
An ADP molecule was modeled in yeast hexokinase PI
by analogy to the position of an ADP molecule in the
structure of the ADP/glucose complex of human hexoki-
nase I (Fig. 4). The base moiety of ADP is sandwiched
between helices a9 and a110. The model suggests that
the binding site of ADP is equivalent in both structures.
In yeast hexokinase PI both helices are suitably posi-
tioned to accommodate the ADP molecule, and there are
no steric clashes between the protein and the ADP mole-
cule. However, to maintain the same interactions with
the side chain residues observed in the human hexoki-
nase I, helix a9 would have to move closer to the ADP
molecule. This movement could be triggered by the bind-
ing of ATP to the molecule.
The modeling also shows that in yeast hexokinase PI
the b-phosphoryl group points out in the direction of
the 6-hydroxyl group of glucose in a position and orien-
tation adequate for productive binding without being
blocked by loop L1 as it happens in the human hexoki-
nase I. A g-phosphoryl group could equally be modeled
into a productive conformation.
Cluster analysis of SCA data
Our SCA data for position coupling in the hexokinase
family were treated with elimination of low signal rows
and columns alternated with clusterization in MATLAB.
The positions with high DDGstat were grouped together
in two different clusters. Highly coupled clusters in SCA
studies comprise the positions that evolved together in a
protein family, a fact that might have happened for struc-
tural and functional reasons. The highest DDGstat cluster
we have found comprises the regions of the protein that
we described as crucial to our induced fit model, that is,
the binding site and the hinges which allow the rear-
rangement of the two domains (Fig. 1). The fact that the
active site residues show strong statistical coupling with
the hinge regions is very consistent with the ‘‘induced
fit’’ mechanism of enzymatic catalysis of the HK which
Figure 4
Interactions between PI hexokinase ADP, as suggested by modeling an ADP
molecule by analogy to the human hexokinase I-ADP/Glu complex. The putative
interactions shown in the figure as dashed lines are between 2.5 and 3.5 A˚
distance limits. [Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]
Figure 5
A: A structural view of the clusters of highly evolutionarily coupled positions in hexokinases. The cluster of stronger coupled residues (mean DDGstat 5 219) is shown in
blue, while the cluster with the weaker coupling values (mean DDGstat 5 182) is shown in red. The residues shown in mixed blue/red (R295, D353 N210) are present in
both clusters; B: The same as (A) upon 1808 rotation around Y axis.
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implies a necessity of simultaneous conservation of these
important parts of the protein. Another cluster, with
lower coupling values between positions, was also found,
and consists of disperse protein positions [Figs. 5(A,B)].
The structural and functional role of this second cluster
remains elusive.
CONCLUSIONS
Yeast hekokinase is a classic example of enzyme with
the ‘‘induced fit’’ mechanism of reaction. The present
crystallographic structure of the yeast HK PI bound to
glucose reveals the details of substrate recognition and
shows that conformational changes of this enzyme upon
ligand binding (‘‘induced fit’’) are somewhat larger than
considered earlier (178 vs. 128). The allosteric network
involved in the induced fit mechanism, as suggested by
our SCA analysis, is confined to the vicinity of the glu-
cose binding site and the hinge region. A secondary net-
work of residues which co-evolved with lower coupling
values was also found, but its meaning remains to be
determined. The fact that the residues in the binding site
and in the mechanical hinges co-evolved together, as sug-
gested by SCA, sheds light into the development of its
mechanism of action – the ability to bind glucose and
rotate the two domains were probably developed simulta-
neously during evolution of the protein family, suggesting
that the induced fit mechanism was a necessity to protein
function.
In addition, the X-ray structure of holo-PI HK allows
for rationalization of the wealth of biochemical informa-
tion accumulated to date. Moreover, the presence of a
bound glucose molecule and, consequently, more com-
pact conformation of the HK PI obtained from commer-
cial preparations, requires a significant revision in the
interpretation of past thermal denaturation experiments.
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